One sentence summary: Clostridium aceticum studies in fully controlled stirred-tank bioreactors with continuous gas supply revealed the usage of a proton gradient for energy conservation and coexistent a growth dependency on Na + .
INTRODUCTION
The biological conversion of CO 2 :H 2 with a pure culture was first examined in 1936 by Wieringa. He described the first isolated acetogenic microorganism Clostridium aceticum as an anaerobic spore-forming organism that is able to grow and produce acetate autotrophically on CO 2 :H 2 gas mixtures as well as heterotrophically on sugars, alcohols and organic acids (Wieringa 1936 (Wieringa , 1939 . Despite the long time since its discovery, only one more study on the nutritional requirements of C. aceticum was published (Karlsson, Volcani and Barker 1948) . This is because the strain unfortunately was lost and all re-isolation attempts failed until Adamse and Braun were successful (Adamse 1980; Braun, Mayer and Gottschalk 1981) . However, just a few more research studies were carried out on the metabolic potential of C. aceticum (Lux and Drake 1992) and on its ability to use carbon monoxide (Sim et al. 2007; Sim, Kamaruddin and Long 2008) . Elucidation of the autotrophic acetogenesis pathway by Wood and Ljungdahl, the reductive acetyl-CoA or Wood-Ljungdahl pathway, was carried out with in the meantime isolated Moorella thermoacetica-formerly C. thermoaceticum (Ljungdahl 1986; Wood, Ragsdale and Pezacka 1986; Wood 1991; Collins et al. 1994) . Detailed information about the established metabolic pathway and the involved enzymes is given in considerable reviews (Diekert and Wohlfarth 1994; Ragsdale 1997; Drake, Gößner and Daniel 2008; Ragsdale and Pierce 2008) .
Autotrophic carbon fixation via the reductive acetyl-CoA pathway does not generate any net ATP through substratelevel phosphorylation. To clarify the energy conservation mechanism in homoacetogens research on this field was intensified. Energy conservation was quickly supposed to be dependent on the formation of a chemiosmotic gradient, also indicated by the strong sodium dependency of some homoacetogens (Thauer, Jungermann and Decker 1977; Fuchs 1986; Heise, Müller and Gottschalk 1989) . Especially the acetogenic microorganisms M. thermoacetica, Acetobacterium woodii and C. ljungdahlii were studied intensively, confirming the chemiosmotic gradient theory through the discovery of two different membranebound energy-conserving ion pump like enzyme complexes: the ferredoxin:NAD + oxidoreductase (Rnf) (Müller et al. 2008 ) and the ferredoxin:H + oxidoreductase (Ech) (Hedderich and Forzi 2005) as well as membrane-bound ATPases (Heise et al. 1991; Das and Ljungdahl 1997) . Energy conservation via these mechanisms could be driven either by proton (C. ljungdahlii) or sodium gradients (A. woodii) (Poehlein et al. 2012; Tremblay et al. 2012; Hess, Schuchmann and Müller 2013) . Another group of homoacetogens possesses cytochromes and ubiquinones that are assumed to be involved in a proton-motive electron transport chain for energy conservation. On the other hand, no cytochromes were detected in those homoacetogens using an Rnf complex (Das et al. 1989; Imkamp and Müller 2007; Biegel and Müller 2010; Köpke et al. 2010) . Proposed cellular models for the intracellular reduction equivalents flow and ATP-generation mechanisms in autotrophic acetogenesis are already described in detail (Schuchmann and Müller 2014; Bertsch and Müller 2015) . More than seven decades after Wieringas discovery, the complete genome of the first isolated homoacetogen C. aceticum was sequenced in 2015, coming up with the interesting fact that it is also the first acetogenic Clostridium species possessing both Rnf complex and cytochromes. Furthermore, gene clusters coding for sodium/proton antiporters were found. Surprisingly, no genes for quinone synthesis or quinone-dependent enzymes are existing, making energy conservation via electron transport chain unlikely as assumed for M. thermoacetica and implying a probable Rnf-dependent ATP generation (Poehlein et al. 2015) . To demonstrate whether the assumed proton or a sodium gradient is used for energy conservation, we performed autotrophic reaction engineering studies in fully controlled stirred-tank bioreactors with continuous gas supply with different sodium concentrations in the reaction medium. In addition, we added protonophores and ionophores to disturb potential proton or sodium gradients to illuminate whether an H + or a Na + gradient is used for energy conservation.
MATERIALS AND METHODS

Microorganism and medium
Clostridium aceticum (DSM 1496) was provided by the LeibnitzInstitute DSMZ-German Collection of Microorganisms and Cell Culture Precultures and reaction engineering studies were prepared in anaerobic medium based on the suggested medium DSM135 (Acetobacterium medium) from the DSMZ, anaerobically prepared according to Speers, Cologgi and Reguera (2009), Wolfe (2011) and Groher and Weuster-Botz (2016b) .
Medium composition
Distributors of chemicals and reagents are listed in the supplementary part (Table S .1, Supporting Information).
Preculture preparation
Heterotrophic preculture medium was prepared as described above, with additional 10 g L 
Reaction engineering studies
Anaerobic reaction engineering studies were performed in a fully controlled 2 L stirred-tank bioreactor equipped with two Rushton turbines (Infors AG, Bottmingen, Switzerland) with a working volume of 1 L at a stirrer speed of 1000 min −1 equivalent to a volumetric power input P V −1 of about 6.8 W L −1 . General experimental setup is described elsewhere (Groher and Weuster-Botz 2016a) . Temperature was controlled at 30 • C, pH control at pH 8.0 was ensured via titration with KOH (7 M) and HCl (1 M). Continuous gas supply with a gassing rate of 10 L h
was achieved with different mass flow controllers (F-201CV-500 RGD-33-V, Bronkhorst High-Tech B.V., Ruurlo, Netherlands), enabling individual gas mixtures of H 2 :CO 2 :CO:N 2 , leading to defined partial pressures of each gas i at the bioreactor inlet p i,in . Experiments were performed either with CO 2 :H 2 with inlet partial pressures of p CO2,in = 120 mbar and p H2,in = 480 mbar or with CO as sole carbon and energy source with inlet partial pressures of p CO,in = 100 mbar. Autotrophic batch cultivations were performed with the medium described above but without fructose and L-CysteinHCl. In addition, the yeast extract concentration was reduced to 1 g L −1 , while vitamins and trace elements were doubled to avoid limitations according to Kantzow, Mayer and WeusterBotz (2015) . As will be indicated, in some experiments NaHCO 3 was omitted, replaced by KHCO 3 (equimolar) or by NaCl at different concentrations. Prior to the inoculation, bioreactor and medium were autoclaved (121 • C, 20 min). Medium was gassed in the bioreactor with the gas mixture applied for the batch processes for at least 12 h to provide anaerobic conditions. To guarantee anaerobic conditions and low redox potentials, LCystein-HCl was added as anaerobic stock solution 2 h before inoculation. Harvested cells from the described preculture were used to inoculate the bioreactor with an initial cell dry weight
For experiments revealing the mechanisms of energy conservation, the Na + ionophore N,N,N,N -tetracyclohexyl-1,2-phenylendioxydiacetamide (ETH2120) was used as well as the protonophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) and monensin, which were already used for decoupling experiments elsewhere (Heise, Müller and Gottschalk 1989; Heise et al. 1991; Müller and Bowien 1995) . Monensin is a monovalent ion-selective ionophore, exchanging H + and cations (selectivity: Na
. Therefore, monensin is capable of disturbing H + gradients as well as Na + gradients electroneutral across lipid bilayers. Mode of action is described in detail elsewhere (Mollenhauer, Morré and Rowe 1990; Nakazato and Hatano 1991; Nachliel, Finkelstein and Gutman 1996; Lowicki and Huczynski 2013) . Ethanolic solutions of ETH2120 (60 μM), CCCP (300 μM) and monensin (300 μM) were added at the end of the exponential growth phase at 22 h. Fully controlled decoupling experiments were performed with p CO,in = 100 mbar.
Analytical methods
Samples were taken frequently and sterile from the autotrophic batch processes with single-use syringes (BD Discardit II, Becton Dickinson, Franklin Lakes, USA) and sterile cannulas (Sterican 0.8 × 120 mm, B. Braun, Melsungen, Germany) via a septum (12 mm, Infors AG, Bottmingen, Switzerland) at the bioreactors top for determination of cell density and product concentrations.
Cell density was observed with a UV-VIS spectrophotometer (Genesys 10S UV-VIS, Thermo Scientific, Neuss, Germany) at 600 nm (OD 600 ). CDW concentration was estimated according to a previously determined OD 600 /CDW-correlation factor of 0.57 g L −1 OD −1 (data not shown). Therefore, an autotrophic grown cell suspension was concentrated and used for the gravimetrical determination of the corresponding CDW at defined OD as described elsewhere (Kantzow, Mayer and Weuster-Botz 2015) . Product quantification was carried out by high-performance liquid chromatography (HPLC; Finnigan Surveyor, Thermo Fisher Scientific, Waltham, USA), equipped with an RI detector (Finnigan Suerveyor RI Plus Detector, Thermo Fisher Scientific) and an Aminex-HPX-87H ion exchange column (Biorad, Munich, Germany). Analysis was operated at a column temperature of 60
• C, with H 2 SO 4 (5 mM) as eluent at a constant flow rate of 0.6 mL min −1 . HPLC samples were filtered prior with a 0.2 μm cellulose filter (Chromafil RC20/15 MS, Macherey-Nagel GmbH & Co.KG, Düren, Germany). All observed specific rates were calculated during the exponential growth phase, which was determined through a linear fit of the semi-logarithmic plot of the estimated CDW concentrations as function of the process time. Specific product-forming rate q P is defined as the product formation rate dc P dt −1 referred to the dry cell mass concentration c X (q P = dc P dt −1 c X −1 ) and exponential growth rate μ exp as the cell-specific biomass formation rate in the exponential growth phase (μ exp = dc X dt −1 c X −1 ) with c X as CDW concentration, c P as product concentration and t as process time.
Waste gas analysis was carried out with a mass flow meter for the determination of the volumetric waste gas flow (F-111B-1K0-RGD-33-E, Bronkhorst High-Tech B.V., Ruurlo, Netherlands) combined with a micro gas chromatograph 490 Micro GC equipped with a 1 m Cox HI column at 80
• C and a 5CB 8 m HI column at 40
• C (Agilent Technologies Sales & Services GmbH & Co.KG, Waldbronn, Germany) for the concentration analysis of each gas in the waste gas flow with thermal conductivity detectors.
RESULTS AND DISCUSSION
Autotrophic batch cultivations of Clostridium aceticum with CO or CO 2 :H 2
Reaction engineering studies in a continuous gassed stirredtank bioreactor were first performed under standard process conditions at 30
• C, pH 8.0, P V −1 = 6.8 W L −1 and either with p CO,in = 100 mbar or with p CO2,in = 120 mbar and p H2,in = 480 mbar as reference batch processes (Fig. 1 ). Waste gas analytics data are available in the supplementary part ( Fig. S.1 , Supporting Information).
In the CO cultivation ( Fig. 1A and C (Fig. 1A and C) showed neither growth nor product formation. No CO uptake was measured (Fig. S.1 , Supporting Information). CO 2 :H 2 cultivations were performed first with NaHCO 3 and second with KHCO 3 (100 mM) in the medium (Fig. 1B and D) . Batch process with NaHCO 3 showed exponential growth for about 22 h with an exponential growth rate μ exp of 0.07 h −1 .
Growth rate decreased after exponential growth and a maximum CDW concentration of 1.5 g L −1 was observed after 72 h. per electron pair derived from CO and/or because CO 2 needs to be reduced in the first step could explain higher efficiency of biomass formation from CO and subsequently higher productforming rates with CO 2 as observed for other homoacetogens too (Savage et al. 1987; Daniel et al. 1990; Ragsdale and Pierce 2008) . Necessity of NaHCO 3 for growth with CO indicated that either Na + or HCO 3 − are essential medium components. Replacement of NaHCO 3 by KHCO 3 was not possible with CO 2 :H 2 , so it can be concluded that C. aceticum requires Na + in the medium for autotrophic growth with CO or CO 2 :H 2 . Genome sequencing data revealed that C. aceticum possesses genes encoding for an Rnf complex (CACET c16320-c16370) that is probably related to the generation and usage of either H + or Na + gradient across the cytoplasm membrane for energy conservation via an H + -or Na + -sensitive membrane-bound ATPase. Genes for such an ATPase are also present (CACET c02160-c02220) but do not show a Na + -binding site (Poehlein et al. 2015) .
Influence of varying Na + concentrations
For further investigations on the Na + requirement for autotrophic growth, showed in section 'Autotrophic batch cultivations of Clostridium aceticum with CO or CO 2 :H 2 ', the sodium concentration in the reaction medium was varied between 12 and 179 mM in individual batch experiments with CO as sole substrate (p CO,in = 100 mbar). The results are summarized in Fig. 2 . With 12 mM Na + in the medium, an exponential growth rate of 0.12 h These experiments clearly indicated that sodium influences autotrophic growth of C. aceticum with an optimum for the exponential growth rate as well as for the maximum biomass concentration at 60-90 mM Na + . Presence of Rnf complex coding genes in the genome may suggest that sodium is directly involved in the energy metabolism and may be used for chemiosmotic energy conservation like it is known for A. woodii (Poehlein et al. 2012) . This suggestion could be strengthened by the fact that neither growth nor product formation was possible when Na + was omitted in the medium (see section 'Autotrophic batch cultivations of Clostridium aceticum with CO or CO 2 :H 2 '). On the other hand, possible ATPase genes do not show any Na + -liganding amino acid motif, and maximum acetate concentrations were not influenced significantly by the Na + concentrations, indicating that the central acetyl-CoA pathway is not directly affected by sodium (Rahlfs, Aufurth and Müller 1999; Meier et al. 2006; Poehlein et al. 2015) . In the genome present flagellar motor genes, Mot A and Mot B (CACET c02760, c02770, c20250, c20260) are considered to be proton dependent in most cases. On the other hand, A. woodii also possesses these genes (AWO c25150, c25160) but shows full Na + dependency. Thus, flagellar impulsion in C. aceticum is not assured and could supposed to be sodium dependent (Müller and Bowien 1995; Asai et al. 2003) . As there are genes present coding for H + /Na + antiporter (CACET c29680-29750, c 33270-33340), a secondary sodium gradient as driving force for flagellar rotation or generation of a proton gradient may be possible, as well as the usage for other metabolic reactions like Na + -coupled substrate uptake via solute/Na + symporter (CACET c24220), for Ca 2+ /Na + antiport (CACET c00900) or phosphate/Na + symport (CACET c06260) (Poehlein et al. 2015) .
Addition of protonophores and ionophores
To clarify energy conservation mechanism, disturbance of the chemiosmotic energy metabolism was investigated by either addition of protonophores or ionophores. After the exponential growth phase at a process time of 22 h, cells were exposed either to the Na + ionophore ETH2120 (Maruizumi et al. 1986; Imkamp and Müller 2002) , the protonophore CCCP (Johnston, Kalik and Johnston 2016) or to monensin (Mollenhauer, Morré and Rowe 1990; Lowicki and Huczynski 2013) . Biomass, acetate and formate concentrations were monitored (Fig. 3A-F) as well as the CO partial pressures p CO in the waste gas stream and the calculated CO uptake rates r CO (Fig. 4A-D) . A batch cultivation with the addition of 100 mmol of ethanol was used as reference because the ionophore or protonophore were added as ethanolic solutions (Fig. 3A, C and E) . After ethanol addition, CDW concentration increased up to a maximum of 1.8 g L −1 and remained constant for about 24 h. Acetate production was nearly linear after ethanol addition with a final concentration of 12.2 g L −1 . After the first formate formation and re-consumption during exponential growth phase, a constant formation was observed after ethanol injection up to 0.15 g L −1 .
CO partial pressure p CO showed a minimum of 20 mbar at 20 h in the waste gas stream (Fig. 4A) . During stationary phase, a constant p CO of about 70 mbar was measured for at least 60 h. Maximum CO uptake rate r CO during exponential growth was 32 mmol L −1 h −1 at 20 h (Fig. 4C) . A constant r CO of ∼10 mmol L −1 h −1 was measured during the stationary phase.
In comparison to the batch cultivation without ethanol addition (Fig. 1) , maximum biomass and maximum acetate concentrations were reduced slightly. The batch process with addition of the Na + ionophore ETH2120 (60 μmol) showed similar biomass, acetate and formate concentrations (Fig. 3A , C and E) compared to the cultivation with ethanol addition described above. In contrast to the latter one, CDW decreased after 48 h to a final concentration of 1.4 g L −1 . r CO,max was 31 mmol L −1 h −1 and constant r CO during the stationary phase was about 10 mmol L −1 h −1 . Shifts in the CO partial pressure (Fig. 4A ) and the CO uptake rate (Fig. 4C) proportional to the batch process with ethanol addition could be explained by the final shift in the CDW concentration. Addition of 300 μmol of the protonophore CCCP (Fig. 3B , D and F) showed a delayed but clear effect on the cultivation. After CCCP addition, biomass concentration raised from 1.65 up to 1.73 g L −1 and remained constant for 3 h. Decrease of the CDW concentration down to 1.1 g L −1 took about 18 h and remained nearly constant afterwards. Corresponding to the decrease in CDW concentration after 28 h, no further increase in the acetate concentration was observed until the batch process was finished. Rapid formate formation was observed after the protonophore addition up to a maximum of 0.29 g L −1 followed by re-consumption. r CO decreased from ∼28 mmol L −1 h −1 below the detection limit in between 5 h after CCCP addition (Fig. 4D) . Correspondingly, p CO increased up to the inlet pressure of p CO,in = 100 mbar (Fig. 4B ). pH increased and had to be controlled with titration acid after CCCP addition (data not shown). The addition of monensin (Fig. 3B, D and F) showed the strongest effect with an immediate decrease of the CDW concentration from 1.5 g L −1 down to 0.4 g L −1 . Also no further acetate formation was measured, so the acetate concentration remained constant at 4.2 g L −1 . After the addition of monensin, rapid formate formation was observed followed by partial reconsumption. A strong reduction of r CO was measured from 31 mmol L −1 h −1 below the detection limit within 2 h (Fig. 4D ).
This was in compliance with the increase of the p CO (Fig. 4B ) up to the inlet pressure of 100 mbar as it was observed before for CCCP too. Also with CCCP, the pH in the medium increased and had to be controlled with titration acid after monensin addition (data not shown et al. 2015) . In contrast to the Na + ionophore, the effects of the protonophore CCCP and monensin on the batch processes, manifested in decrease of CDW concentrations, stop of further acetate production as well as rapid accumulation of formate, are indicating a disturbance in the acetyl-CoA pathway as a possible consequence of a lack of regenerated reduction equivalents. These are essential in the acetyl-CoA pathway for CO 2 reduction to formate in the methyl branch. Required reduction equivalents could be provided through the oxidation of CO to CO 2 by the CO dehydrogenase in the first step. Further reduction of formate requires four more reduction equivalents and 1 mol of ATP that are no longer available in the cells, leading to a rapid metabolic inactivation. This would explain the short-time accumulation and metabolism of formate, the stop of further acetate production and finally leading to the metabolic breakdown, affirmed by the fact that the CO uptake rate drops below the detection limit. The comparison between the protonophore CCCP and monensin shows a more delayed or slighter effect of the first one what could be explained by the different modes of action. Protonation of CCCP at a pH of 8.0 and diffusion into the cells are comparatively slow. On the other hand, monensin inserts into the membrane and works as H + /cation antiporter, presumably as H + /Na + antiporter. In both cases, pH of the reaction medium increased after addition of CCCP or monensin, indicating a proton flux into the cells what would be in accordance to the other observations. This would also indicate that the H + /cation antiporter monensin primary dissolves a proton gradient in this case. Both CCCP and monensin would presumably affect a Na + gradient-dependent energy metabolism with expressed and active H + /Na + antiporter considered as second hypothesis. But in this case, the Na + ionophore under investigation would have had a destructive impact on C. aceticum, too, which is not the case.
Considering the results of our decoupling experiments and the fact that the ATPase genes do not show a Na + -binding motif reveals that the usage of a primary Na + gradient for energy conservation is unlikely in C. aceticum. Therefore, it is coherent to draw the conclusion that this organism most probably uses a primary H + gradient as energy conservation mechanism under autotrophic growth.
CONCLUSION
In this study, we observed a Na + -dependent growth of C. aceticum for the first time, showing an optimum concentration of 60-90 mM Na + in the reaction medium for autotrophic batch cultivations with CO as sole substrate. Despite this result, our decoupling experiments with the protonophore CCCP and monensin led to the full metabolic breakdown of C. aceticum, while Na + ionophore ETH2120 showed no effect. This leads to the indirect conclusion that C. aceticum might not only be a missing link between cytochrome containing/Rnf lacking and cytochrome lacking/Rnf containing homoacetogens but presumably uses rather a proton gradient for energy conservation, while the Na + -dependent growth optimum might be explained by other Na + -dependent metabolic reactions.
